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ABSTRACT 
Pulsed ultraviolet light from a XeF excimer laser was used to grow thin films of 
zinc oxide and tin dioxide on (111) p-type silicon wafers within a versatile high 
vacuum laser deposition system. This pulsed laser deposition system was 
self-designed and self-built. Parameters such as pressure, target temperature, and 
distance from the target to the substrate can be adjusted in the system. Scanning 
electron microscopy, energy dispersive X-ray spectroscopy, X-ray diffraction 
spectroscopy, Raman spectroscopy and ellipsometry were used to analyze the 
structures and properties of ZnO and SnO2 thin films. The critical temperature 
required to fabricate a crystalline ZnO thin film by pulsed laser deposition was found 
and has been confirmed. For the SnO2 thin film, the critical temperature required to 
generate a crystalline structure could not be found because of the temperature limit of 
the substrate heater used in the experiment. In SnO2 thin films, thermal annealing has 
been used to convert into crystalline structure with (110), (101) and (211) orientations. 
After fabricating the amorphous SnO2 thin films, they were put into an oven with 
specific temperatures to anneal them. The minimum annealing temperature range was 
found for converting the amorphous SnO2 thin films into SnO2 thin films with a 
crystalline structure. Thermal annealing has also been applied to some amorphous 
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ZnO thin films which were fabricated under the critical temperature required to 
produce crystalline ZnO thin films. The minimum annealing temperature range for 
amorphous ZnO thin films was found and only one orientation (002) shown after 
annealing. Laser annealing technology has also been applied for converting both 
amorphous ZnO and SnO2 thin films, and results show that this method was not well 
suited for this attempt. 
ZnO thin films and SnO2 thin films with a crystalline structure have inportant 
widely used in industry, for example, application in devices such as solar cells and 
UV or blue-light-emitting devices. The aim of this research is to help improving the 
manufacturing process of ZnO and SnO2 thin films. 
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CHAPTER 1 
INTRODUCTION 
Thin film technology requires the development of efficient methods for the 
fabrication of a specific arrangement of atom layers from source materials. In order to 
grow thin films from a gaseous phase, it is required to first vaporize the material and 
incorporate atomic vapors into layers deposited on a substrate.1-3 Thin films, 
fabricated through different technological approaches (e.g., physical vapor deposition 
(PVD), chemical vapor deposition (CVD), plasma enhanced chemical vapor 
deposition (PECVD), sputter deposition, liquid phase deposition), attract attention as a 
framework for optoelectronics, sensors, solar cells, and displays. 2-7  
 
1.1 Thin films  
A thin film is a layer of material ranging from nanometers to several microns in 
thickness. The idea was introduced in the 1850s by M. Faraday; however, the industry 
did not pay much attention to thin films until the 1930s. At this time, the industry 
became interested in thin film coatings for optical, electronical and mechanical 
applications.8,9 Currently, thin films are widely used in micro-electronics, 
semiconductor and superconductor technology, optical applications and bioceramic 
materials.8 The discovery of how thin film coatings effect both the physical and 
chemical properties of surfaces has significantly helped to advance many areas of 
science and technology. The properties of a material can be improved by growing the 
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material in a thin film form rather than in bulk. Thin film structures can also be used 
to adjust properties of the materials. For example, the periodic structure of alternating 
thin films of different materials collectively forms a structure called a superlattice, 
which exploits the phenomena associated with quantum confinement restricting 
electronic phenomena to two-dimensions.8 The hybrid structures of nanoparticles and 
organic thin films can also be used to manipulate material properties. 
 
1.2 Thin film deposition 
As thin films become more and more attractive for industry, a lot of fabrication 
methods have been developed. The process of fabricating a thin film on a 
substrate surface or on previously deposited layers is referred to as thin film 
deposition. A number of thin film deposition techniques have been developed.8 Thin 
film deposition techniques are divided into two main categories: chemical or physical. 
Chemical solution deposition, chemical vapor deposition, plasma enhanced chemical 
vapor deposition, metal organic chemical vapor deposition and atomic layer 
deposition are examples of chemical processes. Thermal evaporation deposition, 
molecular beam epitaxy and sputtering deposition are examples of physical processes. 
A brief explanation of the most popular chemical and physical thin film deposition 
methods is given below. 
Chemical solution deposition uses a liquid precursor, usually a solution of 
organometallic powders dissolved in an organic solvent. This is a relatively 
 3 
 
inexpensive and simple method of growing thin films. This technique is also known 
as the sol-gel method.3, 10 Chemical vapor deposition is a process where one or more 
volatile gas-phase precursors are transported via the vapor phase to the reaction 
chamber. These precursors are then deposited on a heated substrate and decompose 
leaving a thin film of the desired material. Chemical vapor deposition processes are 
used for depositing thin films of semiconductor material, conductive interconnects, 
and insulating dielectrics.11 Plasma enhanced chemical vapor deposition is a type of 
chemical vapor deposition that occurs in a lower pressure and lower temperature 
environment. During this process, the material is transported in a gaseous carrier, 
which decomposes on the substrate surface and deposits a thin solid state layer on a 
substrate. Chemical reactions are involved in the process and occur after creation of a 
plasma (generated by two electrodes) of the reacting gases.11 Metal organic chemical 
vapor deposition is a chemical deposition method used to produce epitaxial or 
polycrystalline thin films. It is a highly complex process and can be used for growing 
crystalline layers to create complex semiconductor multilayer structures. The process 
takes place in a gas phase at moderate pressures (10 to 760 Torr) and it has become a 
common process in the manufacturing of optoelectronics.12 Atomic layer deposition is 
a chemical deposition process based on the sequential use of the gas phase at low 
temperatures. The majority of atomic layer deposition reactions use two precursors. 
The process is split up into two half reactions, run in sequence and repeated for each 
 4 
 
atomic layer of reactants, which react chemically on the substrate forming the desired 
film.13 
Thermal evaporation deposition uses an electric heater to melt a material and 
raise its vapor pressure to an appropriate range. This is done in a vacuum environment, 
to allow the vapor to reach the substrate without reacting with or being scattered by 
other gas-phase atoms in the chamber, and to reduce the incorporation of impurities 
from the residual gas in the vacuum chamber.14 Molecular beam epitaxy is a 
particularly sophisticated form of thermal evaporation. It takes place in high vacuum 
or ultra-high vacuum environment. The most important aspect of evaporation 
deposition is the deposition rate (typically less than 3000 nm per hour) which allows 
the films to grow epitaxially. Deposition rates of this magnitude require a higher 
quality vacuum to achieve the same impurity levels as other deposition techniques. 
The absence of carrier gases as well as the ultra-high vacuum environment results in 
the highest achievable purity of the grown films.15 Sputter deposition is a process that 
uses ionized noble gases to knock off atoms from the source material which then is 
deposited on the film substrate. During this process, the source can be kept at a 
relatively low temperature because this process does not require evaporation. 
Sputtering deposition is one of the most flexible deposition techniques. This technique 
is especially useful for compounds or mixtures where there are different components, 
which tend to evaporate at different rates.16 
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1.3 Pulsed laser deposition 
For several decades, pulsed laser deposition (PLD) is one of many physical 
techniques used to grow thin films. The use of a pulsed laser as an energy source for 
evaporative film growth has been explored since the discovery of lasers in the 1960s. 
Significant increase of interest in this method occurred in the late 1980s after the 
discovery of high Tc superconductors. Growth of YBa2Cu3O7 thin films using PLD 
was first reported in 1987.8 In the 1990s and 2000s, numerous device applications 
based on PLD films of functional materials were explored.8 Currently, PLD is used in 
thin film deposition of insulators, semiconductors, metals, high Tc superconductors, 
and polymers.17-19 Biological materials such as simple protein films have also been 
obtained by PLD.20-22 
Pulsed laser deposition, which is one of the physical vapor deposition methods, is 
becoming a popular way to more efficiently fabricate thin films. This way of 
fabricating the growth of thin films can be easily adapted for different applications, 
which is critical for creating a technological framework for industrial manufacturing. 
In this respect, PLD of thin films presents a promising technological approach to 
fabricating thin films.8 
The interest of industrial manufacturing requires more efficient and versatile 
methods of thin film fabrication. PLD makes it possible to tune growth parameters 
and characteristics of thin films (deposition rate, film thickness and morphology) by 
adjusting beam parameters such as radiation wavelength, fluence, and pulse duration. 
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The process can be carried out in different environments including vacuum or 
low-pressure gaseous atmosphere. Furthermore, this technique is also considered to be 
a clean process meaning that compared to other techniques the chance of 
contamination is low.8  
Laser ablation of the source material constitutes the basis in PLD technology. 
Laser ablation uses the laser radiation energy to eject surface atoms of the target and 
to form a plasma plume of the processed material. During the quenching of the plume 
a desired film is formed on the substrate surface. By creating appropriate chemical 
environments, it is also possible to create a chemical reaction in the laser ablation 
process. Typically, PLD utilizes a high-power pulsed laser beam that is focused onto a 
target material. The processing chamber is kept under vacuum or various low-pressure 
gaseous environments during the process. The laser beam ejects target atoms in a 
process called ablation. In result of energy absorption from the beam, the atoms in the 
target are excited into high-energy states that creates a plasma plume.8 When the 
plasma reaches the target surface it condenses as a result of energy loss and a thin film 
is formed on the substrate.8, 23, 24-28 During PLD, many processing parameters can be 
changed which will have a strong influence on the properties of the film. First, the 
laser parameters such as laser fluence, wavelength, pulse duration and repetition rate 
can be altered. Second, the preparation conditions, including target-to-substrate 
distance, substrate temperature, background gas and pressure, may be varied, all of 
which can influence the film growth conditions. The advantages of PLD include a 
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wide range of gas pressure, easy control of growth rate, clean process and a high 
quality of product.8 The disadvantages of the method include possible defects in the 
product caused by sputtering of atoms from the surface, unsuitability for growth of 
large area films, and high cost of production on industrial scale.8  
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Laser ablation is the fundamental process within PLD technology. It is a process 
that uses a laser beam to remove material from a solid surface as illustrated in 
Figure 1.26 A high intensity laser pulse of radiation incident on a solid target results in 
a rapid increase of surface temperature, bringing the melted layer into a metastable 
state.29 When the surface temperature of the sample approaches the spinodal, 
homogeneous nucleation of the overheated liquid takes place causing nano-scale 
bubbles to form pushing the melted material and vapor outwards. This causes phase 
explosion and the formation of a plasma plume consisting of liquid nanodroplets, 
vapor and ions. This laser-induced expansion of plasma is a free expansion because 
this process occurs in a vacuum or a low-pressure gas environment. The ejected 
material expands outward from the target surface. As shown in Figure 2, some of the 
material is sputtered back from the substrate surface and forms a collision region 
 
Plasma 
Laser beam 
Vacuum or air 
Target 
 
Figure 1. Schematic diagram of laser ablation  
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where it interacts with the incident plasma. A film grows immediately after this 
collision region is formed. This region serves as a source for particle condensation. 
When the condensation rate is higher than the rate of particles supplied by the 
sputtering, a film grows on the substrate surface at the expense of the direct flow of 
the ablated particles.8, 30 
 
1.4 Annealing 
 Annealing is a method of heating a sample to change the microstructure of the 
material. There is an effect on some of the physical properties of the material such as 
the hardness, strength or even the optical properties. For example, the hardness and 
structure of physical vapor deposition-based AIN(Er) films were affected by thermal 
annealing.31 It has been previously reported that photonic device performance of SiO2 
waveguides was enhanced using thermal annealing of plasma enhanced chemical 
Sputtered flux 
Incident plasma  
Collision region 
Substrate 
Deposited thin film 
Figure 2. Schematic diagram of plasma-substrate interaction  
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vapor deposition.32 This process has extended beyond the academic community and is 
now widely used in industry for the purposes of steel manufacturing.32, 33 The thermal 
annealing method is performed by heating a material above its recrystallization 
temperature. This temperature must then be retained for a certain period of time. The 
final step of thermal annealing is to slowly cool the material to room temperature. 
During the annealing process, thermal energy is transferred to the material causing 
redistributions within it to produce a crystalline structure. Laser annealing is a similar 
technique that works by locally heating material exposed to laser radiation in order to 
create crystalline material. This process only works when the frequency of incident 
radiation is strongly absorbed by the material. Energy transferred from the laser beam 
causes heating on the surface which can be distributed to underlying atoms within the 
material. This result of this process depends on the initial material deposited on the 
surface: if the substance is originally crystalline, then laser annealing can reorient it 
into a new crystal lattice. If the starting material is amorphous, this technique can 
produce crystalline structures. What makes laser annealing such an interesting 
technique is its applicability in industry, such as the fabrication of high-efficiency 
solar cells.32, 34-36 
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1.5 Materials 
Zinc oxide (ZnO) and tin dioxide (SnO2) are selected for this project. These two 
semiconductors are widely applied on an industrial scale because of their excellent 
optical and electrical properties. Both materials are transparent in the visible spectral 
range.23, 37 ZnO and SnO2 are used in photoelectronic devices, as electrodes and 
anti-reflection coating. They are also used as catalysts, energy-saving coatings and 
anti-static coatings.   
 
1.5.1 ZnO  
Zinc oxide is a II-VI semiconductor, which is very stable at high temperatures 
and much more resistant to radiation damage than other common semiconductors. 
There are two main crystal structures of ZnO: hexagonal wurtzite shown in Figure 3(a) 
and cubic zinc blende shown in Figure 3(b).38 In ambient conditions, the wurtzite 
structure is thermodynamically stable. The less stable zinc blende structure can be 
stabilized by growing ZnO thin film on substrates with a cubic lattice.8, 10, 23, 38  
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Since the bandgap energy of ZnO is 3.37eV (at room temperature), the material 
is transparent in both the visible and near ultraviolet wavelength regions.38, 39  Due to 
its wide and direct bandgap and its large photoresponse, ZnO is also very suitable for 
UV photodetector applications. The 60 meV exciton binding energy in ZnO results in 
luminesce within the ultraviolet region (around 380 nm) and makes ZnO a possible 
contender for UV and blue-light-emitting devices. This large exciton binding energy 
permits excitonic recombination above room temperature and optically pumped lasing 
has been observed in epitaxial or polycrystalline ZnO thin films.23  
 
 (a) hexagonal wurtzite                  (b) zinc blende 
Figure 3. Crystal structures of ZnO 
Zn 
O 
a 
b 
c 
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1.5.2 SnO2 thin film 
Tin dioxide is usually regarded as an oxygen-deficient n-type semiconductor 
with the rutile structure shown in Figure 4.19 Since the bandgap of SnO2 is 3.7eV at 
room temperature, the material is also transparent in the visible light and near 
ultraviolet region. With the high exciton binding energy (130 meV), SnO2 is 
considered to be another promising material for UV light emitting sources. It is also 
an attractive semiconducting material for other optoelectronic devices because it 
possesses high photostability and good carrier mobility. Due to its excellent chemical 
and physical properties, this material is nowadays considered one of the most 
promising materials for producing numerous novel functional structures.40, 41 
Reduction in device size and an associated increase in the response speed can be 
Sn 
O 
Figure 4. Rutile structure of SnO2 
a2 
a1 
c 
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achieved with the advent of advanced thin film technology. Devices can be made 
more cost-effective and reproducible by using SnO2 thin films.40 
 
1.6 Theoretical Background of Experimental Procedures  
Since pulsed laser ablation technology is based on the laser ablation process, 
the selection of the laser is an important aspect for the construction of laser ablation 
systems. Usually a shorter wavelength laser can provide a higher energy laser beam, 
so the UV laser is preferred as the first choice. The absorption of UV radiation in 
materials is usually higher compared to longer wavelengths. For this program, an 
excimer laser has been selected for the pulsed laser deposition. 
The physical properties of the thin films were probed using several techniques. 
Scanning electron microscopy (SEM) was used to observe the physical morphology of 
the films. The characteristic X-rays produced by the electron beam produces a unique 
spectrum constituting the basis of energy-dispersive X-ray spectroscopy (EDS). 
Elemental analysis and chemical characterization of the studied materials was done 
using Raman spectroscopy. Ellipsometry is an optical technique which was used to 
measure the thickness and index of refraction of the films. Optical (UV-Vis) 
spectroscopy was used to measure the absorption spectra from which the bandgap 
energy of the film materials was determined.39, 42 The patterns formed in X-ray 
diffraction (XRD) led to the identification of the film crystallinity. 
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1.6.1 Excimer laser 
Excimer lasers are a type of pulsed gas laser, with wavelengths in the ultraviolet 
region. The first excimer laser was invented in 1970 by N. Basov, V. A. Danilychev 
and Yu. M. Popov in Moscow.43 They used a strong electron beam to excite liquid 
xenon dimers, which then underwent stimulated emission at 172 nm.43 As a gas laser, 
the working gas for an excimer laser consists of inert gas atoms (e.g. Ne, He, Ar, Kr, 
Xe ) and halogen atoms (F, Cl, Br, etc. ).44 Although noble gas atoms can react with 
halogen atoms, the formed molecules are unstable and exist in only in the excited 
electronic state, which is shown schematically in Figure 5. 
Excimer Ground State 
Separated atoms 
Excimer upper level 
Bound state 
Distance between atoms (nm) 
Laser Transitions in UV region 
E
n
e
r
g
y
 (
e
V
) 
Figure 5. Energy diagram for a noble gas-halogen gas molecule (dimer).  A 
molecule will remain in the excimer upper level for a short time before releasing a 
photon and returning to the ground state. 
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When an excited molecule releases a photon, it makes a transition from the 
upper level bound state to the ground state, it quickly (10-13 s) dissociates into two 
unbound atoms. Because of the very short period of such molecules in the excited 
state, it was named “excimer” from the phrase “excited dimer”.44 Excimer lasers, 
which can produce high intensity pulsed radiation, are used in many fields such as 
medicine, scientific research and industrial applications.45-48 
 
1.6.2 Scanning electron microscopy 
The first scanning electron microscope was built by V. Zworykin in 1942.49 A 
scanning electron microscope takes advantage of the wave nature of electrons to 
image structures on the nanometer to micrometer scale.49,50 An accelerated electron 
beam generated by electron gun, passes through pairs of scanning coils or pairs of 
deflector plates in the electron column. During the interaction with the sample, the 
electrons lose energy by repeated random scattering and absorption.50 The energy 
exchange between the electron beam and the sample results in two different electron 
image signals: elastically backscattered electrons and emission of secondary electrons 
resulting from inelastic scattering. Each beam can be recorded by specialized 
detectors. The secondary electron emission, confined to a very small volume near the 
beam impact area can produce very high-resolution images of the sample surface. The 
elastically backscattered electrons can provide information about the distribution of 
different elements in the sample material.49, 50 
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Two scanning electron microscopies were used for imaging the fabricated ZnO 
and SnO2 thin films. The TESCAN VEGA 3LMU shown in Figure 7 is located at the 
Department of Geosciences at UMKC. When using a tungsten heated cathode with 
accelerating voltage from 500V to 30kV, the achievable magnification is from 2x to 
1,000,000x. The Hitachi S-570 Scanning Electron Microscope, with an LaB6 electron 
gun, is located at Missouri University of Science and Technology (MST), in Rolla, 
MO. The accelerating voltage is from 0.5 kV to 3 kV in 100 V steps or 3 kV to 30 kV 
in 1 kV steps that can produce a magnification from 20x to 100,000x. 
 
Figure 6. Layout of a basic SEM. 
https://en.wikipedia.org/wiki/Scanning_electron_microscope#/medi
a/File:Schema_MEB_(en).svg 
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1.6.3 Energy dispersive X-ray spectroscopy 
After the discovery of X-ray radiation in 1895, the specific spectrum of radiation 
for each element was identified during the following four or five decades.51 However, 
it wasn’t until 1949 that Raymond Castaing, who was the first researcher to develop 
the energy dispersive X-ray spectroscopy technique, combined it with an electron 
microscope.51,52 
Energy dispersive X-ray spectroscopy is an analytical technique used to acquire 
data about the chemical composition of a studied material. This technique takes 
advantage of the interaction between X-rays with matter. When a high energy beam 
interacts with atoms of the sample, it may excite electrons in inner shells and eject 
Figure 7. TESCAN VEGA 3LMU scanning electron microscopy in Department of 
Geosciences at UMKC. 
 19 
 
them from the atom making the state available for another electron in the atom. When 
electrons from higher-energy orbits recombine with the available holes at the 
lower-energy states the excess energy is released in the form of X-ray photons.51 
Because each element has a unique energy structure, each element produces a unique 
set of peaks in its X-ray emission spectrum. From this emission spectrum the 
chemical composition of a sample can be identified. The energy dispersive X-ray 
spectroscopy technique is usually combined with electron microscopy.49, 51 The energy 
dispersive X-ray spectroscopy used is A Quantax XFlash 6 | 10 made by BRUKER, 
shown in Figure 8, which was available for this experiment in the UMKC Department 
of Geosciences. 
Figure 8. The energy dispersive X-ray spectroscopy detector, Model: 
Quantax XFlash 6 | 10 made by BRUKER from Department of 
Geosciences at UMKC 
http://www.azom.com/images/equipments/EquipmentImage_3193.jpg 
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1.6.4 Ellipsometry 
 Ellipsometry is an optical technique for investigating the dielectric properties of 
materials. The technique has been known since 1888 when it was discovered by Paul 
Drude.53, 54Ellipsometry is a method based on the measurement of the change of the 
polarization state of light after it is reflected off of the material’s surface. The change 
of light polarization depends on the sample’s properties (film thickness, complex 
refractive index and dielectric function tensor). This technique can be used to measure 
a thin film’s thickness within the nanometer range.53-55 
An electromagnetic wave light in an ellipsometer is linearly polarized by a 
polarizer. It can pass through an optional compensator (retarder, quarter wave plate) 
before reaching the studied sample. After reflection, the radiation passes another 
compensator (optional) and an analyzer and falls into the detector, as shown in Figure 
9. 53, 54 
 
Figure 9. Layout of a basic ellipsometry system. 
https://upload.wikimedia.org/wikipedia/commons/thumb/2/27/Ellipsometry_s
etup.svg/2000px-Ellipsometry_setup.svg.png 
 21 
 
An ellipsometry system alpha-SE from J. A. Woollam Co is available in the 
UMKC Physics Department as shown in Figure 10. Ellipsometry analysis was used 
for gaining information about the films’ thickness and indices of refraction. 
   
1.6.5 Optical spectroscopy 
The optical spectroscopy is a technique which uses light in the visible and 
adjacent ranges to analyze a material. The substances in the investigated samples will 
be determined by the absorption or reflectance of light in the UV-Vis range.56 When 
the energy of photons passing through a semiconductor is sufficiently high, electrons 
in the material may be excited from the valence band to the conduction band. In result 
Figure 10. The ellipsometry system alpha-SE from J. A. Woollam Co in UMKC 
Department of Physics and Astronomy. 
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of this transition, the photon is absorbed by the material. An edge in the absorption 
spectrum is observed. 56-59 Using a Tauc plot equation, the edge can be used to 
determine the band gap between the valence and conduction bands.39, 42  
An ultraviolet-visible spectroscope, which is Agilent/HP 8453 UV-Visible 
Spectrophotometer as shown in Figure 11, at the department of physics in UMKC was 
used to obtain the data for calculating the bandgap energy of fabricated thin films. The 
light source can emit wavelengths from 190 nm to 1100 nm. 
 
Figure 11. An ultraviolet-visible spectroscope Agilent/HP 8453 UV-Visible 
Spectrophotometer in the department of physics, UMKC. 
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1.6.6 X-ray diffraction 
After the discovery of X-rays,  Max von Laue, discovered that the diffraction of 
X-rays by crystals produces interference patterns, for which he received a Nobel Prize 
in 1914.60, 61 X-ray diffraction is an analytical technique primarily used for phase 
identification of crystalline materials. From the diffraction pattern both the crystal 
structure and lattice parameters can be determined. The spacing between 
crystallographic planes is determined from Bragg’s equation, which is discussed 
later.60, 61 
The Rigaku Miniflex X-ray diffraction spectroscope system, shown in Figure 
12, was available for this research at the UMKC Department of Geosciences.  The 
system uses a copper X-ray tube with a maximum power of 600 W. Its scanning range 
Figure 12. The Rigaku Miniflex X-ray diffractometer at the UMKC Department of 
Geosciences. 
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is from -3 to 145º (2θ), scanning speed from 0.01 to 100º/min (2θ) and minimum step 
width 0.005º. For this research, the scanning range is from 30º to 60º (2θ), count time 
is 3 seconds and minimum step width is 0.05 º. 
 
1.6.7 Raman spectroscopy 
 The Raman effect, which is a type of inelastic scattering of light waves, was 
initially discovered by C.V. Raman, an Indian scientist for which the phenomenon was 
named after. Raman spectroscopy is a powerful technique that is mainly used to 
identify or characterize different and unique vibrational modes for simple and 
complex molecules.57 The continued improvement of excitation sources such as lasers 
and trace stand-off detection, as well as the possibility of studying materials in 
gaseous, liquid or solid phases made Raman spectroscopy a popular technique in 
academic, industrial, or military research. The Raman effect occurs by irradiating a 
sample with an intense-monochromatic light (typically lasers in the UV-vis range). 
The photons from the light source interact with the sample by either transferring 
(Stokes) or receiving (anti-Stokes) some energy to the molecules in the sample.57, 59 
The energy transfer results in phonons or vibrations being produced in the sample and 
the incident photons to be (inelastically) scattered with a different energy (either lower 
or higher). The energy difference, usually called the Raman shift, is determined with 
respect to the excitation source. Currently, the 514.5 argon-ion green laser line is the 
most commonly used light in Raman spectroscopy.62 These Raman shifts correspond 
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to different vibrational modes in the material and are dependent upon the types of 
bonds and atoms that comprise the molecules within a sample. On average, only one 
photon per 106 incident photons is inelastically scattered via the Raman effect. Hence, 
intense excitation light sources are needed. 57, 59, 62  
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CHAPTER 2 
BACKGROUND 
2.1 Lambert-Beer-Bouguer law 
An energy transfer process governing Pulsed Laser Deposition must follow the 
energy conservation law. When the laser beam interacts with transparent materials, the 
energy carried by the laser light will separate into reflected energy, absorbed energy 
and transmitted energy. Therefore the following equation must be satisfied: 
1 =  +


+  = 	 + 
 +                        (2.1) 
where  is the energy carried by the incident light, R is the reflection rate; α is the 
absorption rate; and T is the transmission rate of the material. For an opaque material, 
there is only reflected energy and absorbed energy. For an opaque material, the 
equation (3.1) changes to: 
                        1 = 	 + 
                              (2.2) 
If I is the laser intensity and dI is the reduction of the intensity as the light passes 
through a thickness of target, dx, then 

 = −
dx                              (2.3) 

 =σN                                (2.4) 
Where the proportionality constant α, is known as the absorption coefficient, , is the 
absorption cross section, and N is the density of the material. 
Integrating equation 3.3 from the surface to a depth x below the surface yields44: 
I =                                (2.5) 
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Equation (3.5), known as the Lambert-Beer-Bouguer Law, indicates that as light 
passes through a material its intensity deceases exponentially with the distance 
travelled in the material. 
Absorption of a photon occurs only when the energy of the photon precisely 
matches the energy difference between the initial and final states. In the interaction of 
incident radiation with matter, if there is no pair of energy states that matches the 
photon energy, the photon cannot be absorbed and the matter will be “transparent” to 
that radiation. The absorption of light, between two states E1 and E2, follows the 
equation63: 
ΔE =  −  = ℎ = !"#                        (2.6) 
absorption is “allowed” when the energy of the photon, hν, is equal to the energy 
difference between the two states.63, 64 
 
2.2 Thermal effects in laser ablation 
The thermal effects in laser ablation include surface evaporation, melting and 
phase explosion.26 The following equation is a simplified model describing the 
temperature distribution during the evaporation and melting of a surface 26, 65: 
c%&'%& ()(* =
(
( +,%-, &
()
(/ + α%-, 1&             (2.7) 
Where T is the temperature, x is the depth at time t; α is the absorbed laser intensity 
as indicated by the Lambert-Beer-Bouguer Law; c , ρ and K the thermal capacity, 
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density and thermal conductivity of the target material. For simplicity ρ and K are 
frequently assumed to be temperature and space independent.26 
When surface melting takes place, the solid-liquid phase transition must be 
included in the analysis. To consider the transition during laser irradiation, two 
boundary conditions are required at the interface where the phase transition occurs. 
Combining the boundary conditions with conservation of energy (J = −K∇T) results 
in 26: 
ρ∆89%*:&;<=* = ,>?@<A ()(BC<=* − ,@<DE<A
()
(BF<=*          (2.8) 
Where Ttr is the temperature of the superheated target; ,>?@<A  is its thermal 
conductivity; ,@<DE<A is the thermal conductivity of the liquid phase; ∆89 is the 
heat of fusion at Ttr; ;<=* is the velocity at the solid-liquid interface, which is a 
function of *: − 9, with Tm being the melting temperature of the target material, 
which can be written generally as 26: 
;<=* = G%*: − 9&                       (2.9) 
Due to surface evaporation, the target’s surface recedes at a velocity ;: as shown 
in Figure 13. Suppose a reference frame is positioned such that the target’s surface is 
at x=0. The temperature dependence from equation (2.7) becomes26: 
         c' ()(* = ,
(H)
( + c';:
()
( + α%-, 1&                 (2.10) 
An estimation of the recession velocity of the target surface ;: needs to be taken into 
consideration for both the temperature and the pressure in the liquid phase. In result 
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the number Nv  of the particles evaporating per unit time and area can be expressed 
by the following26, 65: 
IJ = K%LM)9&N H⁄ P>                        (2.11) 
Where p is the gas pressure, m is the molecular mass of the target material and P> is 
their sticking coefficient.26 
 
For high intensity pulses, phase explosion will occur when temperature rises at a 
rate of ~109 K/s. At this point, the melted layer on the target surface changes its state 
from stable to metastable. In the vicinity of critical temperature of ~0.9 Tc, 
homogeneous nucleation causes: intensive bubble formation, energy release, and 
formation of a foam consisting from liquid droplets and vapor.29 This explosive 
process is also called phase explosion, where the rate of homogeneous nucleation 
Figure 13. Evaporation process and surface recession velocity Vr, the 
solid-liquid interface velocity Vint 
Vr Original surface 
Liquid 
Solid 
Vint 
Evaporation 
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increases in a short period of time.29, 65 In other words, the temperature of the liquid 
becomes higher than the boiling temperature. This increase of homogeneous 
nucleation rate causes shifts from the bimodal states into the metastable states. If a 
target is ablated, the relationship between vapor pressure and temperature of the target 
material is described by the Clausius-Clapeyron equation: 
                     ln % KNKH & =
∆STU
V %

)H
− )N&                      (2.12) 
where W and W are the pressures at two temperatures T1 and T2, and R is the 
universal gas constant.26, 66  
 
2.3 Thin film growth 
Both nucleation and growth of crystalline films depend on many factors such 
as the density, absorption energy, degree of ionization, and the type of the condensing 
material. Nucleation and growth of crystalline films also depend on the temperature 
and the physical-chemical properties of the substrate. The two main thermodynamic 
parameters for the growth mechanism are the substrate temperature T and the 
supersaturation XY. They can be related by the following equation: 
XY = Z[\ + VV]/                                                             (2.13) 
where k is the Boltzmann constant, R is the actual deposition rate, and Re is the 
equilibrium deposition rate at temperature T.8, 30 
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2.4 Band gap energy 
 In this research, two semiconductor targets have been used to make thin films. 
For semiconductors, the band occupied by valence electron is called the valence band 
and the band occupied by free electrons is called the conduction band.67 In order for a 
bound electron to become a free electron, it must obtain sufficient energy to make this 
transition from the valence band to the conduction band. The minimum energy needed 
for this transition is called the band gap energy. Band gap means the energy difference 
between the lowest energy level at the bottom of conduction band and the highest 
energy level at the top of valence band. The band gap of a semiconductor can be 
either a direct band gap or an indirect band gap. Each energy state in the conduction 
band and each energy state in the valence band corresponds to a certain crystal 
momentum (k-vector) in the Brillouin zone.39, 67 If the k-vectors of the bottom of the 
conduction band and the top of the valence band are equal, meaning the momentum of 
electrons and holes is the same in both the conduction band and the valence band, as 
shown in Figure 14(a), the band gap is direct. If the k-vectors of the electrons at the 
bottom of the conduction band and the holes in the valence band are different, as 
shown in Figure 14(b), the band gap is indirect. In a transition across a direct band, 
electrons can absorb or emit photons without additional effects taking place in the 
semiconductor. In an indirect band gap semiconductor, the electron must transfer 
some of its momentum to the crystal lattice during the transition.67-69   
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 Band gap is an important parameter for characterizing the properties of 
semiconductor materials. First of all, the band gap energy is a reflection of the 
strength of the bond for valence band electrons. Secondly, the band gap represents the 
potential difference between the electrons and holes. The bottom of conduction band 
can be treated as a potential energy of free electrons. The top of the valence band can 
be treated as a potential energy of the bound electrons. Lastly, the band gap reflects 
the electrical and optical properties of the materials.67, 69, 70 
In this research, optical spectroscopy is used to determine the band gap energy of 
the semiconductor thin films. When light with a certain wavelength enters a 
semiconductor thin film, valence electrons may undergo a transition from a lower 
energy state to a higher energy state by absorbing the photon energy. The energy, 
Ephoton, of a photon must be equal to or greater than the band gap Eg of the 
semiconductor 
Direct Band Gap 
Conduction Band 
Valence Band Valence Band 
        (a). Direct band gap                     (b) Indirect band gap 
Figure 14. Two types of band gap. 
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^ = ℎ;                             (2.14) 
where ; is the threshold frequency of material. 
 Since the reflectivity of the studied materials in the ultraviolet and visible light 
region is relatively small, the effects of the reflectance can be ignored and the 
absorption coefficient 
 could be related to the thickness of the film _ and the 
measured transmittance  by: 

_ = ln %1 ⁄ &                            (2.15) 
 The optical band gap of a semiconductor can be evaluated from the absorption 
spectrum using the Tauc relation71: 
%
ℎ;& = P%ℎ; − ^&
`
H                         (2.16) 
P ≈ ]
H%b∗&d H⁄
="!H9]∗                             (2.17) 
where C is a constant which depends on the type of the band gap, h is Planck’s 
constant, 
 is the absorption coefficient, Eg is the average band gap of the material, m 
is a number dependent on the type of transition, n is the refractive index, e∗is the 
reduced mass of the electrons and holes, and c is the speed of light.71 Since this 
research is focused on the direct band gap of semiconductor thin films, for which m=1, 
equation (2.19) can be simplified to: 
%
ℎ;& = Pfℎ; − ^g                      (2.18) 
For the determination of the band gap equation (3.21), we need to create a Tauc plot 
of %
ℎ;& versus frequency, and linearly extrapolate the function to the zero value. 
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The extrapolation crossed the abscissa at the threshold frequency of the thin film 
material.68, 71  
 It is necessary to indicate that the entire pulsed laser deposition system design and 
set up is a part of this dissertation work. The following chapter will introduce details 
about this pulsed laser deposition system. 
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Chapter 3 
Experimental Procedures 
3.1 Set up 
3.1.1 Pulsed laser deposition system design 
A Pulsed Laser Deposition (PLD) system can be separated into several 
subsystems. First, an appropriate laser for the desired application must be selected. 
Due to the nature of the material used in this project, an excimer pulsed laser was 
chosen for the PLD of the studied materials. Depending on the working gas being 
used in the laser, the wavelength of its radiation can vary from 193 nm to 351 nm in 
the ultraviolet region.8 Within this range, the absorption coefficient of the studied 
target materials is sufficiently high making ablation of the target material possible. 
The second aspect of the system is the vacuum system, which includes a processing 
chamber, vacuum pumps and pressure sensors. This subsystem can provide an 
appropriate vacuum environment for the deposition. A target stage with a rotational 
mechanism make up the third subsystem. Finally, the substrate holder and an 
appropriate substrate heater constitute the fourth subsystem. A schematic diagram of 
the entire PLD system is shown in Figure 15.  
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3.1.2 Laser  
For this research, a Coherent COMPexPro excimer laser, shown in Figure 16, 
was used. The active medium in this excimer laser is a mixture of a halogen gas (F2 / 
Cl2) and a noble gas (Ar / Kr / Xe). Depending on the selected working gas, the laser 
can emit radiations with wavelength of 193nm (ArF), 248 nm (KrF), 308 nm (XeCl) 
Vacuum 
Chamber 
To the Pump 
Thermal couple 
Target stage 
Substrate holder 
Lens 
Excimer Laser 
Figure 15. Schematic diagram of the PLD system  
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and 351 nm (XeF). In all options, the laser produces 20 ns or 25 ns pulses with energy 
varying from 100 mJ to 700 mJ. The maximum repetition rate can vary from 10 Hz to 
100 Hz. For the purpose of the project, the laser operated at 351 nm, maximum 
frequency of 10 Hz and maximum pulse energy of 300 mJ.  
As shown in Figure 17, the constructed set-up uses dielectric mirrors and a lens 
to direct the beam on the target. Focusing this beam to a 100 µm diameter spot 
Figure 16. Photograph of the laser used in this work. 
Laser 
Figure 17. Dielectric mirrors and a lens will direct the beam into chamber. 
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resulted in a fluence of approximately 400 J/cm2, which exceeds the necessary fluence 
for the laser ablation of the target materials in this project.72 
 
3.1.3 Vacuum system 
The vacuum subsystem includes a multi-port vacuum chamber, two vacuum 
pumps and pressure sensors. The high-vacuum processing chamber, used in this 
project, was assembled from ConFlat high vacuum components. The main chamber 
has six ports for the target and substrate stages, power supply, laser beam delivery, 
connecting sensors, and evacuating of the chamber.  
High vacuum was achieved using a turbo-molecular pump, with which pressure 
below 10-9 Torr can be attained with room temperature. Operation of the 
turbo-molecular pump (Figure 18) also requires a mechanical pump, with which 
pressure in the chamber can be reduced to 10-3 Torr.  
Figure 18. Turbo Pumps 
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Hot-filament ion gauge, connected to a control unit with a digital display, was 
used as the pressure sensor.  
After the vacuum chamber is set up, it is necessary to clean the entire vacuum 
chamber. If the vacuum chamber is not clean, the vacuum cannot be reached well 
because of air molecules or oil from finger prints on the inner surface of the chamber. 
There are several steps that are used to clean the vacuum chamber. The first step is 
using ethanol then acetone to wash the vacuum chamber. Then finally, the chamber 
must be baked for a long time with all the pumps running. After the chamber is 
cleaned, the vacuum level will have a change in pressure from 10-6 Torr to 10-9 Torr. 
This pressure satisfies the conditions for pulsed laser deposition of thin films. 
 
3.1.4 Target stage 
At the beginning of designing the target stage, there was a problem that needed 
to be solved. The problem was producing a constant laser ablation rate without 
breaking the vacuum environment inside the chamber. A constant ablation rate was 
achieved by making the target stage rotate. In order to rotate the target stage in a 
vacuum environment, there needs to be a non-contact force which provides this 
motion. A small piece of a magnet inspired me with an idea, which was using 
magnetic force in order to rotate the sample. 
To have uninterrupted laser ablation the source target had to be mounted on a 
rotational stage. Since the pulsed laser deposition process happened in a vacuum 
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environment, a magnetic coupler (shown in Figure 19) delivered appropriate torque to 
the target stage. The target stage system consists of two separate rotors with magnets. 
A small stepper motor drives the outer rotor around the target stage port by providing 
a magnetic torque to the inner rotor to which the stage is mechanically connected. The 
coupler made it possible to rotate the target without breaking the vacuum environment 
inside of the chamber. The rotation of the target stage ensured the target material was 
ablated at a constant rate. 
 
 
 
3.1.5 Substrate holder and substrate heater 
Motor 
Belt 
Magnet 
Figure 19. Target stage. A stepper motor drives the outer rotor, which is magnetically 
coupled to the inner rotor attached to the target stage. 
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The substrate system includes a substrate holder and a substrate heater. The 
design of the system is shown in Figure 20. The film substrate is held by a fastener 
made from two plates attached with four screws to a plate that is connected to the 
shaft. In order to monitor substrate temperature, a thermocouple is inserted into the 
fastener. Two halogen lamps, seen in Figure 21, behind the plates serve as the heat 
source for adjusting the temperature of the substrate during the deposition process. 
The heater can maintain the temperature of the substrate up to 1000 ºC. This entire 
system is fixed on a linear shaft shown in Figure 22 making the distance between the 
target stage and substrate holder adjustable.  
Linear shaft 
Thermocouple 
Halogen lamps 
Substrate fastener 
Substrate 
Figure 20. Substrate holder and substrate heater  
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Figure 22. Linear shaft vertical 
positioning of the target is 
accomplished by using the 
adjustment screw to the left. 
Figure 21. Halogen lamps provide 
heat to the back of the target holder. 
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 CHAPTER 4 
DATA COLLECTION AND ANALYSIS 
 
4.1 Sample preparation 
 The depositions of both ZnO and SnO2 thin films were carried out under different 
substrate temperatures, laser fluencies and pressures in the chamber. The zinc oxide 
thin films were prepared under pressures on the order of 10-5 Torr and the laser pulse 
energy was kept around 200 mJ. The distance between the substrate holder and target 
stage was 3.5cm, and the laser pulse frequency was set at 5Hz. The SnO2 thin films 
were prepared under pressures on the order of 10-5 to 10-6 Torr, and the laser pulse 
energy was kept around 200 mJ. The distance between the substrate holder and target 
stage was 3.5cm or 5cm, and the laser pulse frequency was set at 5Hz. Before the 
laser beam reached the target material it passed a convex lens with a wavelength range 
of 350-2000nm and a focal length of 300 mm. With help of this lens, the laser beam 
can be focused to a spot as small as 60 microns in diameter. This makes sure that the 
fluence of the laser beam can reach up to 148.62 J/cm2, which is higher than the laser 
ablation thresholds of ZnO (0.44 J/cm2) and SnO2 (0.73 J/cm2).73 
 The thicknesses of the thin films were measured using ellipsometry. For selected 
samples, the thicknesses measured with ellipsometry were verified using scanning 
electron microscopy. The SEM images, EDS spectrum, XRD spectrum, UV-Vis 
spectrum and Raman spectrum were also used for analysis. SEM images were also 
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used to observe the surface morphology. The EDS spectrum was combined with the 
SEM images which were used for the elemental analysis and chemical 
characterization of the thin film sample. The XRD diffraction and Raman 
spectroscopy were used to check the crystal structure of the thin films. The UV-Vis 
spectroscopy was used to obtain optical absorption information of the fabricated thin 
films, then this information was used to calculate the band gap energy of the thin 
films. 
 
4.2 ZnO thin films 
 The conditions of the ZnO film preparation as well as the deposition time and 
thickness of the films are listed in following tables, each table has its specific 
substrate temperature with other various parameters. 
 Numbers of the ZnO thin films were fabricated at 300 ºC and shows in table 1: 
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Table 1. Growth condition and thickness of ZnO thin films at 300 ºC part 1 
 Pressure 
(Torr) 
Laser energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
1 1.4×10-6 220 3.5 30 13.92 0.46 
2 1.7×10-6 202 3.5 30 -- -- 
3 1.3×10-5 181 3.5 30 25.46 0.85 
4 1.4×10-5 163 3.5 30 21.86 0.73 
5 1.3×10-5 199 3.5 30 -- -- 
6 1.5×10-5 210 3.5 30 41.00 1.37 
7 1.5×10-6 190 3.5 45 25.96 0.58 
8 1.6×10-6 226 3.5 45 39.88 0.89 
9 9.9×10-6 194 3.5 45 56.03 1.25 
10 1.3×10-5 171 3.5 45 60.26 1.34 
11 1.5×10-6 206 3.5 60 53.24 0.89 
12 1.4×10-6 231 3.5 60 82.25 1.37 
13 1.5×10-6 228 3.5 75 91.94 1.23 
14 1.5×10-6 199 3.5 75 65.99 0.88 
15 1.6×10-6 199 3.5 90 77.41 0.86 
16 1.7×10-6 234 3.5 90 112.11 1.25 
-- Data not acquired. 
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Table 1. Growth condition and thickness of ZnO thin films at 300 ºC part 2 
 Pressure 
(Torr) 
Laser energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
17 6.6×10-6 166 5 45 -- -- 
18 6.8×10-6 179 5 75 24.35 0.32 
19 6.9×10-6 164 5 90 15.07 0.17 
-- Data not acquired. 
 
The data that was acquired shows that when there is a longer the distance between 
the substrate heater and the target stage the ablation rate is lower. When the distance is 
5cm the ablation rate is less than 0.32nm/min. However, if the distance is 3.5cm the 
ablation rate is higher than 0.5nm/min. This occurs because the laser induces a plasma 
plume and the size of plasma plume is decided by the free path of the particles inside 
of the plasma. The pressure is mainly what effects the free path within the plasma 
plume. Since the pressure was around the order of 10-5 to 10-6 Torr, the size of the 
plasma plume was similar for each sample. Therefore, the lower ablation rate can be 
attributed to the longer distance between the substrate heater and the target stage 
because this allows fewer particles to reach the substrate during the free expansion of 
the plasma plume.  
Generally speaking, as time increases, the thickness of the thin film will increase 
too. However, the laser pulse energy also has an effect on the thin film’s thickness 
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while all the other parameter are the same. For example, the data retrieved for 30mins 
of deposition for sample 3, sample 4 and sample 6 leads to conclusion that high laser 
energy produces a higher laser ablation rate. Consistently, the same trend was 
observed in several sample pairs: sample 7 and sample 8, sample 11 and sample 12, 
sample 13 and sample 14, sample 15 and sample 16. For better explanation, the pair, 
sample 13 and sample 14, was selected for more details. This pair of ZnO thin films 
were fabricated under the same pressure of 1.5×10-5 Torr, at the same substrate 
temperature of 300 ºC and the same deposition time of 75 minutes. The only 
difference between the two samples was the laser pulse energy. Sample 13 was grown 
at energy of 228 mJ, and sample 14 was grown at a lower energy of 199mJ. In result, 
sample 13 is thicker than sample 14. Since the pressure for each sample was similar, 
the laser ablation rate was only affected by the laser pulse energy. This means the 
number of ejected particles was correlated with the laser pulse energy. 
The ZnO thin film (sample 13) cross-section is shown in Figure 23 (a). The image 
confirms the information on the thickness if the film that was obtained in the 
ellipsometric measurements. It is seen that throughout its volume, the film is uniform 
with no visible grain boundaries. The film surface of the sample is shown in Figure 23 
(b). The surface is smooth with no observable morphological features. The similar 
surface structure acquired from majority of the ZnO thin film samples in table 1. 
 
 48 
 
 
Figure 24 shows the distribution of both Zn and oxide across the surface of 
sample 11 obtained through the EDS. Figure 25a shows the SEM image of the 
investigated area. In Figure 15b, the red dots represent Zn and green O, respectively. 
Si 
ZnO 
(a) The cross-section of a ZnO thin film (sample 13)  
(b) The surface of a ZnO thin film (sample 13)  
Figure 23. ZnO thin film deposited on a Si wafer with 228 mJ, 75 mins. 
(a)  
(b)  
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Each of the elements has a uniform distribution which supports the hypothesis that the 
ZnO film is formed on the surface. 
(b)  
(a) SEM image  
(b) EDS map image 
Figure 24 Sample 11, 1.5×10-5 Torr, 300 ºC, 206 mJ and 60 mins. 
(a)  
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In Figure 25, the EDS spectrum together with the quantitative analysis of the 
EDS data collected from sample 11 is presented. In the spectrum, the Si signal from 
the substrate and C signal from the adsorbed Carmon compounds are observed in 
addition to Zn and O signals. The difference in the atomic fraction of Zn and O can be 
explained by presence of other oxides on the studied surface. The silicon wafer was 
oxygenized by the environmental air which contains both O2 and CO2. The fact that 
the air contains CO2 also explains the presence of carbon on the sample.  
Raman spectra, collected with A Spex 1403 double monochromator and a 
514.5 nm laser excitation at a 90º scattering angle, were also used to evaluate the 
crystalline structure of the films. Figure 26 represents an example of the Raman 
spectrum obtained for sample 13. Based on the ZnO reference, the spectrum of thin 
Figure 25 EDS spectrum of sample 11, 1.5×10-5 Torr, 300 ºC, 206 mJ and 60 mins. 
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films typically have six peaks corresponding to the longitudinal optical (LO) phonons. 
The 586 cm-1 peak, observed in this experiment, corresponds to the first longitudinal 
optical (LO) mode of crystalline ZnO identified in previous studies of the others.74, 75 
The peak occurring at 519.5 cm-1 is from the Si substrate on which the thin film was 
deposited on. A higher LO mode of ZnO were detected but were not substantial for 
the purposes of characterization in this study and therefore are not reported here.  
  
Figure 26 Raman spectrum of sample 13,  
1.5×10-5 Torr, 300 ºC, 228 mJ and 75 mins. 
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XRD was used to obtain information about the crystalline structure of the films. 
The spectrum which was acquired by the XRD for sample 12 is shown in Figure 27, 
and a typical XRD pattern for ZnO thin films is shown in Figure 28. There is only a 
single peak in Figure 28, which is created by a particular family of planes in the 
crystalline structure of the sample. Comparing the spectrum obtained in this 
experiment with the typical XRD spectrum indicates that the peak can be associated 
with the (002) family of crystallographic planes. The XRD experiment performed on 
other samples grown at 300ºC yielded a similar single peak corresponding to the (002) 
orientation. However, if the film was too thin like that of sample 1 or sample 19, it did 
not indicate crystallinity. This may mean that from the initial growth of ZnO on 
silicon, the effect of interface results in an amorphous film. Only after a sufficient 
buffer layer is formed, does the film have the appropriate conditions to crystalize.  
Most research indicates that a higher substrate temperature is required to create a 
high quality crystalline ZnO thin film.7 In the past decade, there are some reports from 
other researchers interested in using lower temperatures between 300 ºC and 500 ºC 
for pulsed laser deposition of ZnO thin films.22,76 There are reports of growing high 
orientation ZnO thin films and ZnO nanoparticles on the substrate at 350 ºC.8, 23, 37, 76 
Thus, these previous reports made me curious about how a lower temperature pulsed 
laser deposition affects the crystalline structure of ZnO thin films. Several lower 
temperature settings have been attempted for fabricating ZnO thin films by this pulsed 
laser deposition system. 
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Figure 27 XRD spectrum of sample 12,  
1.5×10-5 Torr, 300 ºC, 231 mJ and 60 mins. 
(002) 
Figure 28 Typical XRD spectrum ZnO thin film.1 
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Lower temperatures where studied by decreasing the substrate temperature 
every 10 ºC starting from 300 ºC. Table 2 shows the ZnO thin films deposited at 290 
ºC.  
Table 2. Growth condition and thickness of ZnO thin films at 290 ºC 
 Pressure 
(Torr) 
Laser 
energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
20 1.7×10-6 205 3.5 60 36.96 0.62 
21 1.5×10-5 220 3.5 60 38.15 0.64 
22 2.1×10-5 214 3.5 75 50.52 0.67 
23 1.9×10-6 190 3.5 75 -- -- 
24 2.5×10-6 224 3.5 90 100.17 1.11 
25 2.3×10-6 201 3.5 90 -- -- 
-- Data not acquired. 
 
Similarly as deposition at 300 ºC, a higher laser energy yields a higher ablation 
rate if you compare sample 24, sample 21 and sample 20. In order to figure out if the 
lower substrate temperature still can produce the crystalline structure of a ZnO thin 
film, XRD was used. Figure 29 shows the XRD spectrum of sample 24 which shows 
there are two orientations of the crystalline structures of ZnO thin film. One 
orientation is (002) and another one is (103). It is necessary to indicate that two 
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different orientations are never showing up in any other deposition conditions. The 
huge peak at degree 70 º is caused by the substrate silicon wafer. For all the other 
samples, which were fabricated at 290 ºC, the acquired spectrums have only one peak 
indicate the orientation (002).   
 
  
Figure 29 XRD spectrum of sample 24,  
2.5×10-6 Torr, 290 ºC, 224 mJ and 90 mins. 
(002) 
Silicon wafer 
(103) 
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Table 3 shows the ZnO thin films deposited at 280 ºC.  
Table 3. Growth condition and thickness of ZnO thin films at 280 ºC 
 Pressure 
(Torr) 
Laser 
energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
26 1.0×10-6 211 3.5 60 53.88 0.90 
27 1.2×10-5 221 3.5 60 61.78 1.02 
28 1.0×10-5 211 3.5 75 56.89 0.76 
29 1.1×10-6 197 3.5 75 54.57 0.73 
30 1.9×10-6 226 3.5 90 70.96 0.79 
31 1.4×10-6 210 3.5 90 - - 
-- Data not acquired. 
 
Similarly as the deposition at 300 ºC and 290 ºC, the higher laser energy yields 
a higher ablation rate if you compare sample pairs: sample 27 and sample 26, and 
sample 28 and sample 29. The data shows that when the deposition time is increasing 
the ablation rate is dropping. This is might have occurred because the beginning 
amorphous surface generated all the ejected particles and they were sticking onto the 
substrate surface. Then when the crystalline structure growth began, the particles 
landed on the film based on the selections of the crystalline structure. This selections 
influence the laser ablation rate of grown thin films. XRD has been used to analyze 
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the samples obtained at 280 ºC. Figure 30 shows the XRD spectrum of sample 24 
which shows there is only one orientation of the crystalline structure of the ZnO thin 
film. Similar spectrums have been acquired by XRD for the other samples that were 
fabricated at 280 ºC. 
 
  
Figure 30 XRD spectrum of sample 26,  
1.0×10-6 Torr, 280 ºC, 211 mJ and 60 mins. 
(002) 
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Table 4 shows the ZnO thin films deposited at 270 ºC.  
Table 4. Growth condition and thickness of ZnO thin films at 270 ºC 
 Pressure 
(Torr) 
Laser 
energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
32 1.3×10-6 190 3.5 60 55.50 0.93 
33 1.6×10-6 227 3.5 60 61.16 1.02 
34 1.5×10-6 214 3.5 75 63.42 0.85 
35 1.5×10-6 201 3.5 75 -- -- 
36 1.2×10-6 202 3.5 90 67.84 0.75 
37 1.1×10-6 197 3.5 90 66.85 0.74 
-- Data not acquired. 
 
Similarly as the deposition at 300 ºC, 290 ºC and 280 ºC, the higher laser 
energy yields a higher ablation rate for the sample pairs: sample 32 and sample 33, 
and sample 36 and sample 37. Much like data from table 3, when the deposition time 
increases the ablation rate drops. XRD was also used to analyze the samples obtained 
at 270 ºC. Figure 31 shows the XRD spectrum of sample 34 which shows there is still 
only one orientation of the crystalline structure of the ZnO thin film. And the substrate 
silicon wafer generates another peak. Similar spectrums have been acquired by XRD 
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for the other samples that were fabricated at 270 ºC. A substrate temperature of 270 ºC 
can still yield a crystalline structure of ZnO thin films. 
 
 
 
  
Figure 31 XRD spectrum of sample 34,  
1.5×10-6 Torr, 270 ºC, 214 mJ and 75 mins. 
(002) 
Silicon wafer 
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Table 5 shows the ZnO thin films deposited at 260 ºC.  
Table 5. Growth condition and thickness of ZnO thin films at 260 ºC 
 Pressure 
(Torr) 
Laser 
energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
38 1.5×10-6 192 3.5 60 43.11 0.72 
39 1.6×10-5 221 3.5 60 47.38 0.79 
40 1.2×10-5 206 3.5 75 46.31 0.62 
41 1.8×10-6 199 3.5 75 45.26 0.60 
42 1.3×10-6 200 3.5 90 51.06 0.57 
43 1.4×10-6 189 3.5 90 44.34 0.49 
 
Similarly as thin film deposition at 300 ºC, 290 ºC, 280 ºC and 270 ºC, the 
higher laser energy yields a higher ablation rate when you compare the data from the 
sample pairs: sample 38 and sample 39, sample 40 and sample 41, and sample 42 and 
sample 43. Much like the data from table 3 and table 4, when the deposition time 
increases the ablation rate drops. XRD has also been used to analyze the samples 
obtained at 260 ºC. Figure 32 shows the XRD spectrum of sample 38. From figure 33, 
the data from the sample shows there is still only one orientation of the crystalline 
structure of the ZnO thin film. Compared with previous data, the peak from the 
spectrum is not as strong as before. This might be because the crystalline structure 
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developed at this substrate temperature is not as obvious as the crystalline structure 
developed at higher substrate temperatures. Similar spectrums have been acquired by 
XRD for the other samples that were fabricated at 260 ºC. Even though the peak is 
weak at this temperature, it still yields the crystalline structure of ZnO thin films. 
 
  
Figure 32 XRD spectrum of sample 38,  
1.5×10-6 Torr, 260 ºC, 192 mJ and 60 mins. 
(002) 
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Table 6 shows the ZnO thin films deposited at 260 ºC.  
Table 6. Growth condition and thickness of ZnO thin films at 250 ºC 
 Pressure 
(Torr) 
Laser 
energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
44 1.1×10-6 210 3.5 30 13.42 0.45 
45 1.3×10-6 207 3.5 45 19.62 0.44 
46 8.0×10-6 186 3.5 45 19.62 0.44 
47 5.8×10-6 171 3.5 45 13.42 0.30 
48 1.5×10-6 206 3.5 75 30.12 0.40 
49 4.4×10-6 185 5 30 10.25 0.34 
50 5.2×10-6 187 5 45 12.75 0.28 
51 4.3×10-6 162 5 75 12.16 0.16 
 
Similarly as the deposition at 300 ºC, 290 ºC, 280 ºC and 270 ºC, the higher laser 
energy yields a higher ablation rate (From sample 44 to sample 51). Much like the 
data from previous three tables, when the deposition time increases the ablation rate 
drops. XRD was also used to analyze the samples obtained at 250 ºC. Figure 33 shows 
the XRD spectrum of sample 48. From figure 33, the data from the sample shows 
there is no peak stands for the crystalline structure of the ZnO thin film, but only one 
peak for the silicon wafer. Compared with previous data, this fabricated ZnO thin film 
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has only an amorphous surface instead of a crystalline structure. This means the 
critical substrate temperature of growing crystalline structure ZnO thin films is above 
250 ºC and below 260 ºC. For all the other samples from table 6, similar spectrums 
were acquired by XRD. During the deposition of the thin films, the substrate 
temperatures were unable to be fixed exactly on a specific temperature. The accuracy 
varies by 3 ºC, so it can be estimated the critical temperature for fabricating 
crystalline structure ZnO thin films is 260 ºC. 
 
 
  
Silicon wafer 
Figure 33 XRD spectrum of sample 48,  
1.5×10-6 Torr, 250 ºC, 206 mJ and 75 mins. 
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The band gap energy of the crystalline structure ZnO thin films was 
determined from the UV-Vis spectroscopy. Since UV-Vis spectroscopy required the 
sample to be transparent, a glass slide instead of a silicon wafer was used for 
depositing the ZnO thin films. Two samples were prepared for the measurements: one 
was deposited for 90 minutes and the other was deposited for 60 minutes with the 
same remaining conditions (300 ºC, 223mJ, 5Hz, 3.5cm, 1.5×10-6 Torr). And both of 
sample 52 and sample 53 have been tested by XRD in order to make sure both of 
them have the similar crystalline structure as the previous tables.  
 
Table 7. Growth condition and thickness of ZnO thin films at 300 ºC on glass 
 Pressure 
(Torr) 
Laser 
energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
52 1.5×10-6 223 3.5 60 -- -- 
53 1.5×10-6 223 3.5 90 -- -- 
-- Data not acquired. 
 
In Figure 34, the red curve represents the absorption spectrum of the thin film 
that was fabricated by depositing for 90 mins, the blue curve shows the absorption 
spectrum if the deposition continues for 60 mins, and the black curve shows the 
absorption of a transparent glass substrate. The linear extrapolation of the absorption 
 65 
 
plots in the thin films crosses the abscissa at 379 nm, which corresponds to the energy 
band gap in the material. The room temperature band gap of the two ZnO thin films, 
estimated from the absorption spectra, was 3.20 eV. In order to confirm about this 
calculated band gap energy Tauc equation has been used for calculating band gap 
energy since this is a more accurate method. Tauc plot (Figure 35) has been drawn 
based on the data from UV-Vis spectroscopy and calculated by using Tauc equation 
(2.16) then shows as figure 35. The result of band gap energy from Tauc plot is 
estimate as 3.12 eV, which is close to the earlier different calculated result 3.20 eV 
and the reported value of 3.37 eV.23, 39  
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Figure 34 UV-Visible spectrum of ZnO thin film. 
Figure 35 Tauc plot of crystalline structure of ZnO thin film. 
3.12 
 67 
 
4.3 Characterization of SnO2 thin films 
The conditions of the SnO2 film preparation as well as the deposition time and 
thickness of the films are listed in following tables: 
 
Table 8. Growth conditions and thickness of SnO2 thin films at 300 ºC 
 Pressure 
(Torr) 
Laser energy 
(mJ) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
54 2.5×10-6 202 30 43.05 1.44 
55 4.6×10-6 219 30 24.58 0.82 
56 6.7×10-6 229 45 67.76 1.51 
57 3.6×10-6 204 45 44.27 0.98 
58 1.0×10-5 229 60 69.26 1.15 
59 4.1×10-6 222 60 67.54 1.13 
60 9.2×10-6 209 75 107.23 1.43 
61 3.4×10-6 231 75 76.45 1.02 
62 4.0×10-6 214 90 80.31 0.89 
63 8.9×10-6 216 90 146.54 1.63 
 
  
 68 
 
 
Table 9. Growth conditions and thickness of SnO2 thin films at 250 ºC 
 Pressure 
(Torr) 
Laser energy 
(mJ) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
64 9.6×10-6 208 60 38.44 0.64 
65 1.1×10-5 216 90 53.55 0.60 
 
For the SnO2 thin films, it was not easy to find out what the key factor was 
that effected the thin film growth. For example, sample 54 and sample 55 were both 
fabricated under the same substrate temperature of 300 ºC. However, sample 55 was 
grown at laser energy of 219 mJ which was slightly higher than the 202 mJ used 
during growth of sample 54. The pressure during the growth of sample 55 was twice 
as high as that for sample 54. Under these conditions, sample 54 was grown at a rate 
twice as high as sample 55. However, sample 56 and sample 57 were also fabricated 
under similar laser power and substrate temperature, but the relationship between the 
chamber pressure and the deposition rate is reversed. So, the two pairs of samples 
show contradicting results. The pair of samples 60 and 61 were both fabricated under 
the same substrate temperature of 300 ºC, and the same deposition time of 75 minutes, 
but the growth pressure for sample 60 was higher. In this case, at a higher pressure, a 
higher growth rate was observed. Similar results were observed for the pair of 
samples 56 and 57 and the pair of samples 62 and 63. The above three pairs of 
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samples indicate that the increase in the chamber pressure is associated with a larger 
flux of particles in the laser induced plasma. However, sample 58 and sample 59 were 
grown at the same substrate temperature and very close laser pulse energy, and despite 
a higher pressure during growth of sample 59, the deposition rate was lower than for 
sample 58. 
The XRD spectra obtained from the SnO2 thin films fabricated in this 
experiment show that there were no peaks like the SnO2 thin films that were grown.  
This means the films deposited on the silicon substrates kept at 250 ºC or 300 ºC do 
not crystallize. Unlike the ZnO thin films, the thin films of SnO2 grown in the 
specified conditions are amorphous. 
SEM was also used to acquire the images of SnO2 thin films. The film surface 
and the cross-section of sample 63 is shown in Figure 36. The morphology of the 
surface suggests that the films were formed by several different shapes of SnO2 
nanoparticles. Some of the particles have a shape of posts and others form clover-like 
structures. As seen in Figure 36 (a), at the bottom of the film (close to the interface 
with the substrate) the particles are more compressed than at the surface and they 
assume a small spherical shape. The nanoparticles at the film surface are larger with a 
more random shape. 
 
 70 
 
 
  
Figure 36 (a)  
Side view 
Sample 63 
8.9×10-6 Torr 
300 ºC 
216 mJ 
90 mins 
Figure 36 (b)  
Top view 
Sample 63 
8.9×10-6 Torr 
300 ºC 
214 mJ 
90 mins 
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4.4 Annealing SnO2 thin films 
The aim of this research is to predict the crystalline structure of ZnO and SnO2 
thin films. This self-designed pulsed laser deposition system never made SnO2 thin 
films successfully, therefore it was necessary to figure out another way to produce the 
crystalline structure SnO2 thin films.  
Annealing method was a promising technique based on its simple process. 
Various SnO2 thin film samples were fabricated under similar conditions to each other. 
Table 10 shows all these samples have no peaks in the XRD spectrums. In other 
words, all these SnO2 thin film samples have an amorphous surface. 
 
Table.10 Growth conditions and thickness of SnO2 thin films for annealing at 300 ºC 
 Material Pressure 
(Torr) 
Laser energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
66 SnO2 1.1×10-5 221 3.5 60 57.13 0.95 
67 SnO2 8.7×10-6 217 3.5 60 65.24 1.09 
68 SnO2 6.9×10-6 213 3.5 60 37.06 0.62 
69 SnO2 4.7×10-6 202 3.5 60 67.55 1.13 
70 SnO2 3.9×10-6 198 3.5 60 46.42 0.77 
71 SnO2 4.2×10-6 206 3.5 60 59.16 0.99 
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The equipment that was used for annealing is a digital controlled oven, with a 
temperature range between room temperature and 1500 ºC. There were 5 different 
annealing temperatures that were used: 1500 ºC, 700 ºC, 600 ºC, 500 ºC and 400 ºC. 
The first step in the appealing process is to rapidly heat up the oven to the setting 
temperature, then hold this temperature for one hour. After this, the oven is turned off 
and the sample is cooled slowly to room temperature. After annealing the SnO2 thin 
films, XRD is used to obtain information about the crystallinity of the sample. Figure 
37 shows the XRD spectrum of sample 66 after annealing at 1500 ºC. 
 
Figure 37 XRD spectrum of sample 66,  
1.1×10-6 Torr, 300 ºC, 221 mJ and 60 mins. 
Annealing temperature 1500 ºC 
(110) 
(101) 
(211) 
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From the spectrum there are three obvious peaks that show up, which means there 
are three different orientations (110), (101) and (211). Since there are three 
orientations shown in the data, it can be concluded that the SnO2 thin film successfully 
converts from amorphous surface to crystalline structure.  
Figure 38 shows XRD spectrum of sample 67 after annealing at 700 ºC. 
In the spectrum there are two small peaks showing up, they are (110) and (211).  
Both of these two orientations are shifted a little bit from the right position. Even 
though this spectrum is not as good as previous one, we can still see from the data that 
this SnO2 thin film still changes from an amorphous surface to crystalline structure. 
Figure 38 XRD spectrum of sample 67,  
8.7×10-6 Torr, 300 ºC, 217 mJ and 60 mins. 
Annealing temperature 700 ºC 
(110) 
(211) 
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Figure 39 shows XRD spectrum of sample 68 after annealing at 600 ºC. 
Comparing this spectrum with the spectrum in figure 38, we can see the same 
peaks are showing up with better intensity. These peaks are (110) and (211). However, 
by annealing at 600 ºC we can see from the spectrum both of these two orientations 
are in the right position. Annealing at 700 ºC or 600 ºC was unable to generate the 
(101) orientation crystalline structure. 
(110) 
(211) 
Figure 39 XRD spectrum of sample 68,  
6.9×10-6 Torr, 300 ºC, 213 mJ and 60 mins. 
Annealing temperature 600 ºC 
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Figure 40 shows XRD spectrum of sample 69 after annealing at 500 ºC. 
Similarly as in figure 37, the spectrum has three obvious peaks. There are three 
different orientations (110), (101) and (211). By seeing three orientations in the 
spectra, it can be concluded that the SnO2 thin film successfully converts from an 
amorphous surface to crystalline structure. When the annealing temperature is very 
high (1500oc) or much lower (500 ºC), three different orientations were converted. 
However, when the temperature was between 1500 ºC and 500 ºC (such as 700 ºC and 
600 ºC) there were only two different orientations of the SnO2 thin films that were 
converted from an amorphous surface to a crystalline structure. 
(110) 
(101) 
(211) 
Figure 40 XRD spectrum of sample 69,  
4.7×10-6 Torr, 300 ºC, 202 mJ and 60 mins. 
Annealing temperature 500 ºC 
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So what would happen if the annealing temperature was dropped down to 400 ºC? 
The answer to this question is given by Figure 41. This is the XRD spectrum of 
sample 70 after annealing at 400 ºC. 
We can see from the spectrum there still have some small peaks, but the peak is 
not obviously as annealing under higher temperature. This means temperature at 400 
ºC is close to the critical point which can turn an amorphous into a crystalline 
structure.  
The temperature can vary by 15 ºC even while the oven is held at a specific 
temperature. The estimated temperature range for converting an amorphous SnO2 thin 
film to a crystalline structure is between 415 ºC and 485 ºC. Furthermore, the (101) 
Figure 41 XRD spectrum of sample 70,  
3.9×10-6 Torr, 300 ºC, 198mJ and 60 mins. 
Annealing temperature 400 ºC 
(101) 
(110) 
(211) 
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orientation can be achieved when the annealing temperature is around 500 ºC or 1500 
ºC.  
After successful annealing amorphous SnO2 thin film to crystalline structure. 
SEM has been used again for observing crystal structure of SnO2 thin film. The film 
surface and the cross-section of sample 66 (annealing at 1500 ºC) are shown in Figure 
42. The morphology of the surface still has a few posts and spherical structure 
particles sit on a flat surface. Moreover, this flat surface did not exist in Figure 36 (b). 
As seen in Figure 42 (a), the film was formed by some elliptical shape of SnO2 
nanoparticles and the size of the nanoparticles is tending to be constant value no 
matter they located close to the interface with the substrate or on the top of the thin 
film surface.  
Figure 42 (a) Side view, Sample 66, 1.1×10-6 Torr, 300 ºC, 221 mJ 
60 mins 
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4.5 Annealing ZnO thin films 
From the previous data we can see that the annealing method works to convert an 
amorphous SnO2 thin film to a crystalline structure thin film, but what about an 
amorphous ZnO thin film? Table 11 shows several ZnO thin film samples have been 
fabricated under similar conditions at 250 ºC. None of these samples have peaks on 
the XRD spectrums. In other words, all of these ZnO thin film samples have an 
amorphous surface. 
  
Figure 42 (b) Top view, Sample 66, 1.1×10-6 Torr, 300 ºC, 221 mJ 
60 mins 
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Table.11 Growth conditions and thickness of ZnO thin films for annealing at 250 ºC 
 Material Pressure 
(Torr) 
Laser energy 
(mJ) 
Distance 
(cm) 
Time 
(min) 
Thickness 
(nm) 
Ablation rate 
(nm/min) 
72 ZnO 2.0×10-6 220 3.5 60 18.16 0.30 
73 ZnO 2.1×10-6 216 3.5 60 15.42 0.26 
74 ZnO 4.2×10-6 207 3.5 60 17.23 0.29 
75 ZnO 3.8×10-6 201 3.5 60 11.26 0.19 
76 ZnO 2.7×10-6 198 3.5 60 13.48 0.22 
 
The same method was used for annealing ZnO thing films as was done for SnO2 
thin films, and only 4 different annealing temperatures were used: 1500 ºC, 700 ºC, 
600 ºC and 500 ºC. After annealing the ZnO thin films, XRD was still used to obtain 
information about the crystallinity of the sample. Figure 43 shows XRD spectrum of 
sample 72 after annealing at 1500 ºC. 
From the spectrum we can see there is only one unclear peak which is (002), but 
this data is strong enough to say that this ZnO thin film was converted to a crystalline 
structure. 
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Figure 44 shows XRD spectrum of sample 73 after annealing at 700 ºC. This 
Figure 43 XRD spectrum of sample 72, 2.0×10-6 Torr, 250 ºC, 220mJ and 
60 mins. Annealing temperature 1500 ºC 
(002) 
(002) 
Figure 44 XRD spectrum of sample 73, 2.1×10-6 Torr, 250 ºC, 216mJ and 
60 mins. Annealing temperature 700 ºC 
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figure is similar but not as same as figure 43. The spectrum has one strong peak which 
is (002), and from this we can conclude that the ZnO thin film has been converted to 
crystalline structure. Looking at the data from figure 44, it appears that at a 700 ºC 
annealing temperature the amorphous ZnO thin film was converted to a better 
crystalline structure than when the temperature was at 1500 ºC. 
Figure 45 shows the XRD spectrum of sample 74 after annealing at 600 ºC. 
This spectrum is similar to that of figure 43, which has only one strong peak 
(002). This ZnO thin film was also converted to crystalline structure. Annealing at 
both 600 ºC and 700 ºC produces a great product for amorphous ZnO thin films.  
Figure 46 shows XRD spectrum of sample 75 after annealing at 500 ºC. 
(002) 
Figure 45 XRD spectrum of sample 74,  
4.2×10-6 Torr, 250 ºC, 207mJ and 60 mins. 
Annealing temperature 600 ºC 
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From the spectrum we can see there are no peaks, which means the thin film is 
still an amorphous surface and was not converted into a crystalline structure.  
Just like with SnO2, the temperature can vary 15 ºC even while the oven is held at 
a specific temperature. The estimated range of temperatures for converting an 
amorphous ZnO thin film into a crystalline structure is between 515 ºC and 585 ºC. 
Furthermore, only (002) orientation can be achieved when the annealing temperature 
higher than 585 ºC.  
Same as SnO2, SEM has been used again for observing crystalline structure of 
ZnO thin film, which converts from amorphous surface. It is seen that throughout its 
Figure 46 XRD spectrum of sample 75,  
3.8×10-6 Torr, 250 ºC, 201mJ and 60 mins. 
Annealing temperature 500 ºC 
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volume, the film is uniform with a wave structure surface. The film surface of the 
sample 73 (annealing at 700 ºC) is shown in Figure 47 (b). Unlike the smooth and 
featureless surface of Figure 23, this has more particles on the top. 
  
 
  
Figure 47 (a) Side view, Sample 73, 2.1×10-6 Torr, 250 ºC, 216 mJ 
60 mins 
 
ZnO 
Figure 47 (b) Top view, Sample 73, 2.1×10-6 Torr, 250 ºC, 216 mJ 
60 mins 
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4.6 Laser annealing of amorphous thin films 
 As it was mentioned in chapter 1, there is a new annealing technology called laser 
annealing. This method was used for both amorphous ZnO and SnO2 thin films. 
Sample 71 and sample 76 were analyzed by XRD after they were annealed using a 
351 nm XeF excimer laser. For each sample, the laser beam was focused to a diameter 
of 5mm and then pulsed on the thin film’s surface with energy of 7.4 mJ for 20 
minutes. Figure 48 and figure 49 show the result of the laser annealing. 
  
Figure 48 XRD spectrum of sample 71,  
4.2×10-6 Torr, 300 ºC, 206mJ and 60 mins. 
Laser annealing 20 mins. 
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We can see from figure 48 and figure 49 that there are no peaks, which means 
both the ZnO and SnO2 thin films still have amorphous surfaces and they were not 
converted into crystalline structures. This might be because the laser energy was not 
high enough or the time was too short for laser annealing.  
  
Figure 49 XRD spectrum of sample 76,  
2.7×10-6 Torr, 250 ºC, 198mJ and 60 mins. 
Laser annealing 20 mins. 
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CHAPTER 5 
CONCLUSION  
5.1 Conclusion for ZnO thin films 
 From the results of the experiment the following conclusions can be drawn about 
pulsed laser deposition of ZnO thin films: 
(1) The thickness of the films is proportional to the number of laser pulses. 
(2) The substrate temperature during the deposition affects the crystalline 
structure of the ZnO thin films. 250 ºC is the critical temperature of fabricating 
crystalline structure ZnO thin films. 
(3) The deposition rate rises when the laser pulse energy increases. In figure 50, 
the red arrow shows the increase of the laser energy and the blue arrow shows the 
Figure 50 3-D axis based on deposition rate laser energy and pressure. 
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relationship between the laser energy and the deposition rate (as the laser pulse energy 
increases the deposition rate increases). 
(4) As the deposition time increases the deposition rate decreases. 
(5) The ZnO thin films fabricated in this experiment have a featureless surface.  
(6) The two different calculation results of band gap energy for (002) crystalline 
structure ZnO thin films have only 7.4% and 5.0% difference compared with the 
reported value. 
(7) The annealing temperature for amorphous ZnO thin films is between 515 ºC 
and 585 ºC. 
(8) Totally two crystal orientations, which are (002) and (103) were observed 
through pulsed laser deposition ZnO thin films and annealing amorphous ZnO thin 
films. However, the orientation (002) was observed in all crystal structure samples but 
another orientation (103) only been observed when the condition set at pressure is 
2.5×10-6 Torr, substrate temperature at 290 ºC, laser pulse energy is 224 mJ for 90 
mins.  
 
5.2 Conclusion for SnO2 thin films 
From the results of the experiment the following conclusions can be drawn 
about pulsed laser deposition of SnO2 thin films: 
(1) The thickness of the films is proportional to the number of laser pulses.  
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(2) It was not possible to obtain crystalline SnO2 thin films in the specified 
substrate temperature range (250 ºC - 300 ºC).  
(3) Laser pulse energy has little effect on the deposition rate. 
(4) The size of the SnO2 plasma flux is strongly correlated to the chamber 
pressure during the film growth. In figure 51, the green arrow shows the pressure 
level of each deposition and blue arrow shows the deposition rate when the pressure is 
similar. The two yellow stars show that when a difference occurs in the pressure a 
difference occurs in the deposition rate as well.  
(5) The annealing temperature for amorphous SnO2 thin films is between 415 ºC 
and 485 ºC. 
Figure 51 3-D axis based on deposition rate laser energy and pressure. 
 89 
 
(6) Three crystal orientations, which are (110), (101) and (211) have been 
observed through annealing amorphous SnO2 thin films. The (101) orientation was 
only achieved when the annealing temperature was at 500 ºC or 1500 ºC. 
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